We demonstrate high-resolution photocurrent spectroscopy of the positive trion state (X + ) in a single InAs/GaAs self-assembled quantum dot (QD). Exploiting a Coulomb-mediated renormalization of the X + transition energy, our approach allows for a sub-μeV resolution, which is more than four orders of magnitude higher than that in previous approaches. Furthermore, such high-resolution spectroscopy of X + permits us to obtain precise values for the X + permanent dipole moment and polarizability, by fitting a theoretical model to the measured transition energy as a function of electric field. Since optical initialization, manipulation, and readout of a QD spin rely on the trion state as an intermediary state, such high-resolution measurements of the X + spectrum and its dipole moment are essential for performing high-fidelity quantum computing operations on QD spin qubits.
I. INTRODUCTION
The spin of a carrier confined in a semiconductor quantum dot (QD) is a promising candidate for a qubit in quantum computing (QC) due to its long relaxation and decoherence times. [1] [2] [3] In order to perform QC operations, such QD spin qubits can be optically initialized, 4,5 manipulated, 6-8 and readout [9] [10] [11] by using as an intermediary state the ground-state trion-a singly charged exciton consisting of three carriers in the QD s-shell. Therefore, high-resolution spectroscopy of the trion state and a precise measurement of its dipole moment (i.e., Rabi frequency) are crucial for executing such QC operations with high fidelity. Photocurrent (PC) spectroscopy of the positive trion state (X + ), which consists of two heavy holes in a spin singlet and one electron of either spin in the QD s-shell, has been reported previously. 11, 12 However, the approach used in these works suffers from a considerably low resolution, which is determined by the spectral line width (∼0.2 meV) of its transform-limited laser pulses. 11, 12 Here we demonstrate high-resolution PC spectroscopy of X + in a single InAs/GaAs self-assembled QD. Taking advantage of a Coulomb-mediated renormalization of the X + transition energy by using a narrow-bandwidth (∼1 MHz) continuous-wave (cw) laser for optical excitation of X + , our approach allows for sub-μeV resolution, which is limited only by the spectral line width of the laser and is more than four orders of magnitude higher than that in the previous works. 11, 12 Furthermore, such high-resolution spectroscopy of X + allows us to obtain precise values for the X + permanent dipole moment and polarizability in the vertical (growth) direction, by fitting a theoretical model to the measured transition energy as a function of vertical electric field.
II. EXPERIMENTAL DETAILS

A. Photodiode device and PC experimental setup
The device used throughout this work was designed for PC measurements on single QDs and fabricated as an n-iSchottky photodiode structure based on a two-dimensional electron gas (2DEG). A single layer of InAs self-assembled QDs, which was grown to yield a low surface-density of QDs (∼10 9 cm −2 ), is embedded in a 250-nm-thick i-GaAs layer and located 50 nm above a Si δ-doped GaAs layer (N d = 5 × 10 12 cm −2 ), from which the 2DEG forms that is confined in the resultant V-shaped potential well. 13, 14 Submicrometer-sized apertures were etched into an Al shadow mask, which had been evaporated onto the Schottky contact, via electron-beam lithography and serve to isolate single QDs for our single-QD measurements. Finally, a AuGeNi ohmic contact was established to the 2DEG and Cr/Au bond pads were fabricated on the ohmic and Schottky contacts to allow for electrical connection to a voltage source and current meter. At the QD layer, the vertical (growth-direction) electric field
, where V i is the intrinsic built-in (Schottky) potential, V b is the applied bias voltage between the 2DEG and Schottky contact, and d is the distance between the δ-doping and Schottky contact.
In the single-QD PC measurements performed throughout this work, resonant laser excitation was derived from two independently-tunable narrow-bandwidth (∼1 MHz) externalcavity diode lasers in the Littrow configuration. After passing each through a half-wave plate, Glan-Thompson polarizer, and quarter-wave plate to control the intensity and circular polarization, the laser outputs were focused onto a device aperture using a microscope objective lens [numerical aperture (NA) = 0.5] mounted on a piezo-driven xyz-stage for precise nanopositioning. Experiments on the device were performed at low temperatures (∼4.2 K) in a He-flow cold-finger optical cryostat. V b and measurement of the PC were provided by a commercial source-measure unit (10 fA resolution) connected to the device via coaxial cables to the cryostat's electrical feedthroughs.
Further details of our device and PC experimental setup are found in Refs. 15-17 and Refs. 16 and 17, respectively.
B. Scheme for X + PC measurement
The scheme used here for PC measurements of X + is illustrated in Fig. 1 such that the QD s-shell (lowest-energy) electron level is well above the Fermi level in the 2DEG, the QD is initially empty of all carriers, as represented by |0 in Fig. 1 . A polarized cw laser field with energy E 0 laser resonantly excites in the QD s-shell a neutral exciton (X 0 ), which consists of a heavy hole and an electron with spins corresponding to the polarization of the laser field. In the presence of the electric field, this is followed by rapid ionization of X 0 via electron tunneling at a rate e , since the effective mass of an electron is much smaller than that of a heavy hole, thereby leaving a single hole in the QD, denoted by |h in Fig. 1 , with a known spin that was determined by the laser polarization, assuming the absence of spin relaxation and X 0 fine-structure splitting due to an anisotropic in-plane electron-hole exchange interaction. From state |h , the X + transition is then resonantly excited to create X + using a second cw laser field, which is cross-polarized with respect to the X 0 laser, since the two heavy holes in the s-shell must form a spin-singlet, and has an energy E + laser that differs from E 0 laser due to a renormalization of the X + transition energy as a result of additional Coulomb interactions in the X + few-particle state in the QD. The subsequent tunneling of all carriers out of the QD due to the electric field results in a measurable PC signal, which consists of a component due to the optical excitation of each of X 0 and X + , and a return to the initial state |0 for the next measurement cycle. It is important to realize that, since X 0 and X + have different transition energies due to their particular Coulomb interactions, the laser with an energy of E 0 laser (E + laser ) optically excites only the X 0 (X + ) transition. Taking advantage of this fact, our scheme therefore uses cw lasers, which have an orders-of-magnitude narrower spectral bandwidth compared to that of transform-limited pulsed lasers, 11, 12 in order to achieve high-resolution PC spectroscopy of X + .
C. PC measurement of X + spectrum
Using the scheme for X + PC measurements as described above (Fig. 1) , the PC spectrum of X + is obtained as follows, where a narrow-bandwidth cw laser with an energy of E 0 laser (E + laser ) is tuned to the X 0 (X + ) transition energy. With the two lasers cross-polarized, the X 0 and X + transition energies are then swept through their respective laser energies roughly simultaneously via the quantum-confined Stark effect (QCSE). X 0 excitation followed by fast ionization via electron tunneling allows for possible excitation of X + , resulting in a total PC signal consisting of an X 0 and an X + PC component after all carriers have tunneled out of the QD. As the X + absorption peak is swept through E A PC measurement of the X + spectrum as a function of V b (i.e., energy E) is obtained by subtracting I 0 (V b ) from I total (V b ), then dividing the result by the X 0 probability distribution. This can be shown as follows. We first define the X 0 probability distribution as a function of E, for a given
is the center of the Lorentzian peak as a function of V b and α 0 is due to the QCSE, assuming that the Stark shift is linear which is a reasonable approximation throughout the V b range for the PC measurements, and γ 0 is the line width of the Lorentzian peak. We also define similarly the probability distribution for X + as L + (E,E + c (V b ),γ + ) with analogous parameters. The total PC signal is the sum of the X 0 and X + PC components as a function of V b ; that is,
where 
Therefore, the X + PC spectrum as a function of V b is defined as
That is, as stated earlier, the X + PC spectrum as a function of V b is obtained by subtracting the X 0 PC component (i.e., the 155315-2 PC spectrum of X 0 ) from the total PC signal, then dividing the result by the X 0 probability distribution. Finally, we point out that we have used the above method of tuning the exciton transition energies through their respective fixed laser energies, rather than the alternative method of tuning E + laser through X + while keeping E 0 laser resonantly fixed on X 0 , because we are unable to tune E + laser through the entire X + absorption peak without tuning the laser beyond its rated mode-hop-free tuning range (∼20 GHz), as will be seen in the experimental results of the X + PC spectrum. Furthermore, our method offers the advantage of greater stability during a PC measurement sweep, since fluctuations in laser intensity and alignment associated with tuning the laser energy are avoided.
III. RESULTS AND DISCUSSION
Initial measurements are performed using bias-dependent micro-photoluminescence (μ-PL) spectroscopy, via aboveband gap laser excitation using a HeNe cw laser, in order to identify straightforwardly single QDs and the transition energies of their various excitonic states, which differ due to a renormalization of exciton transition energies as a result of the particular Coulomb interactions between charge carriers confined in the QD, under low electric-field conditions. 15, 17 For X + PC spectroscopy, since the exciton transition energies redshift with increasing electric field due to the QCSE, E 0 laser = 1364.37 meV and E + laser = 1371.03 meV are tuned slightly redshifted relative to the X 0 and X + transition energies, respectively, and the X 0 and X + transition energies are swept through their respective laser energies roughly simultaneously with increasing reverse bias, recalling that excitation of X + is conditional on the ionization of X 0 via fast electron tunneling (Fig. 1) . As shown in Fig. 2 , by subtracting the PC component due to X 0 [ Fig. 2(a) , open circles] from the resulting overall PC signal [ Fig. 2(a), closed circles] , which is created due to the tunneling-out of all carriers, and then dividing by the X 0 probability distribution to account for possible detuning between the transition energy and laser energy separations, a spectrum of X + can be extracted [ Fig. 2(b) ], as described earlier. Fitting a Lorentzian curve [ Fig. 2(b) , solid line] to the experimental data of the X + spectrum, a precise value for the X + peak V b = −107.4 mV can be obtained. Therefore, we have determined corresponding values for V b and X + transition energy of −107.4 mV and 1371.03 meV, respectively. Notice the reduced line width of X + compared to that of X 0 due to an increased Coulomb attraction for the electron in the X + few-particle state. It is also worth noting that, from the relative PC peak amplitudes of X 0 (5.86 pA) and X + (5.63 pA), the probability is about 96% that an X + photon is absorbed while a single hole is still resident in the QD following X 0 ionization. Therefore, given that the hole tunneling time is ∼2.9 ns at this V b (Ref. 16 ) and assuming an X 0 fine-structure splitting of zero and the absence of hole-spin relaxation prior to tunneling, the rate of photon absorption is ∼119 ps −1 subsequent to tunneling-out of the X 0 electron, for an X + laser intensity on the sample of ∼1.7 μW. For the measurements in Fig. 2 and those presented throughout this work, the X 0 (X + ) laser was chosen to be σ + (σ − )-circularly polarized. However, the same results were obtained when the X 0 (X + ) laser was chosen to be σ − (σ + ) circularly polarized, as expected since there is no applied magnetic field. Furthermore, while an in-plane anisotropic electron-hole exchange interaction does not exist for X + due to a total hole spin of zero, we would expect to obtain the same results also when the X 0 and X + lasers are orthogonal in any polarization basis.
In order to convert an X + PC spectrum from a V b spectrum (Fig. 2, bottom x-axes) to an equivalent X + transition energy spectrum, the equivalent X + PC measurement described earlier in Fig. 2 (bottom x-axes + PC spectrum has a Lorentzian curve fit to it (Fig. 3 , solid lines) in order to determine its peak V b . Moving from high to low values of V b (i.e., for increasing reverse bias and F ), we observe a gradual decrease in the X + PC peak amplitude that is due to an increasing tunneling rate of the X 0 hole, while the X + laser intensity remains constant. The observed broadening of the X + line width, which also contributes to the decrease in peak amplitude, is the result of a decreasing X + lifetime, in accordance with time-energy uncertainty, due to a rapidly increasing tunneling rate of the X + electron out of the QD. Fig. 4 , yielding a precise relation that can be used to convert between V b and X + transition energy for this particular QD and device (Fig. 4) . Therefore, the V b spectra in Figs. 2(b) and 3 (bottom x-axes) can be converted to equivalent energy spectra [ Figs. 2(b) and 3, top x-axes] .
The X + transition energy can be expressed also as a function of F : 15, 18 
where E(0) is the X + transition energy at F = 0, p is the permanent dipole moment of X + in the vertical (growth) direction, and β is the polarizability of X + in the vertical direction. As shown in 
IV. CONCLUSIONS
We have demonstrated high-resolution PC spectroscopy of X + in a single InAs/GaAs self-assembled QD. Taking advantage of a Coulomb-mediated renormalization of the X + transition energy, our approach allows for sub-μeV resolution, which is more than four orders of magnitude higher than that in other approaches. 11, 12 In addition, this high-resolution X + spectroscopy affords us the ability to determine precise values for the X + permanent dipole moment and polarizability, by fitting a theoretical model to the measured transition energy as a function of electric field. Optical initialization, manipulation, and readout of a QD spin use the trion as an intermediate state.
Therefore, while hole spins should be more favorable as qubits compared to electron spins since their hyperfine interaction with the nuclear spin ensemble leading to decoherence is greatly suppressed, 19 such high-resolution measurements of the X + spectrum and its dipole moment (i.e., Rabi frequency) are essential requirements for achieving QC operations on QD spin qubits with high fidelity.
